Abstract. Custom-designed zinc finger nucleases (ZFNs) -proteins designed to cut at specific DNA sequences -combine the non-specific cleavage domain (N) of Fok I restriction endonuclease with zinc finger proteins (ZFPs). Because the recognition specificities of the ZFPs can be easily manipulated experimentally, ZFNs offer a general way to deliver a targeted site-specific double-strand break (DSB) to the genome. They have become powerful tools for enhancing gene targeting -the process of replacing a gene within a genome of cells via homologous recombination (HR) -by several orders of magnitude. ZFN-mediated gene targeting thus confers molecular biologists with the ability to site-specifically and permanently alter not only plant and mammalian genomes but also many other organisms by stimulating HR via a targeted genomic DSB. Site-specific engineering of the plant and mammalian genome in cells so far has been hindered by the low frequency of HR. In ZFN-mediated gene targeting, this is circumvented by using designer ZFNs to cut at the desired chromosomal locus inside the cells. The DNA break is then patched up using the new investigator-provided genetic information and the cells own repair machinery. The accuracy and high efficiency of the HR process combined with the ability to design ZFNs that target most DNA sequences (if not all) makes ZFN technology not only a powerful research tool for sitespecific manipulation of the plant and mammalian genomes, but also potentially for human therapeutics in the future, in particular for targeted engineering of the human genome of clinically transplantable stem cells.
Introduction
A robust and reproducible means of specifically correcting faulty bases (or introducing targeted mutations) in genes has been a long-sought goal for genetic medicine. Current methods to manipulate the plant and mammalian genomes have two limitations: (1) the very low rate of homologous recombination (HR) at the targeted site; and (2) the relatively high rate of random, non-targeted integration elsewhere in the genome by non-homologous end joining (NHEJ). In these cells, the former, HR, occurs at a very low rate compared to the latter, NHEJ (Fig. 1) . For most mammalian cells, targeted recombinants via HR are overshadowed by nearly 1000-fold higher random, non-targeted integrants (NHEJ) [1 -3] . Cells use the universal process of HR to maintain their genomic integrity, particularly in the repair of a double-strand break (DSB), which otherwise would be lethal. Repair of a DSB in a damaged chromosome by HR is a highly accurate form of repair which uses the homologous DNA from the undamaged chromosomal partner as a template. Gene targeting -the process of modifying a gene by HR -uses an extrachromosomal fragment of donor template DNA and invokes the cells HR machinery for sequence exchange [1] . Gene targeting is not a very efficient process in plant and mammalian cells; only~1 in 10 6 cells provided with excess template sequences undergo the desired gene modification. However, when a targeted genomic DSB is introduced in cells, it induces HR at that local site to repair the DSB in a larger fraction of the cells compared with spontaneous HR [2, 4] . Thus, generation of specific, desired genomic DSB is the ratelimiting step in homology-directed repair (HR) technology for gene modification. Fortunately, techniques have been developed to enable routine use of HR for gene modification in mouse embryonic stem cells (MESCs). However, in many other cell types, successful modification of a gene is still not achievable or is a tour de force. Several Figure 1 . Schematic representation of two of several possible mechanisms for a DSB repair (HR and NHEJ) in mammalian cells. The DSB (doublestrand break) may arise spontaneously such as by damage from reactive oxygen species during normal metabolism, induced randomly by the exposure to ionizing radiation, or induced specifically by zinc finger nucleases. The repair of the gene by homologous recombination (HR) occurs after the induction of a DSB. During HR, the DSB is processed to form free 3 singlestrand tails, a process that requires the Mre11/Rad50/Nbs1 complex [61] . The HR machinery, through the actions of the strand invasion protein Rad51, then uses the free 3' ends to invade a homologous repair template/donor. How the machinery identifies a homologous repair donor remains unclear, but it is likely that simple physical proximity plays an important role. In the normal repair of a DSB, the repair donor is the sister chromatid, and thus the template is identical to the damaged allele. In gene targeting, the repair donor would be an extrachromosomal piece of DNA that could have sequence differences. After strand invasion, primed DNA synthesis occurs to generate new undamaged DNA using the undamaged donor DNA template. The process is completed by the annealing of the new strand of DNA with its original partner and subsequent use of that new DNA to template DNA synthesis. During non-homologous end joining (NHEJ), the broken ends from the DSB are bound by specific protein factors to limit nucleolytic degradation. The ends are then bridged together by protein-protein interactions between the protein factors. The sequences are then aligned and ligated [62] . NHEJ often occurs without any homology or even microhomologies between the ends that are ligated. NHEJ is mutagenic by nature because it often introduces small deletions or insertions at the fusion site.
approaches, including combined positive-negative selection, are used to enrich the ratio of targeted recombinants to random integrants. Positive-negative selection works well especially in MESCs [1] , but does not work well in many other plant and mammalian cell lines, including primary human stem-progenitor cells (HSPCs), and human embryonic stem cells (HESCs), mainly due to difficulties in rigorously cloning these cell types [5] . Therefore, rare targeted recombinants must be selected by long-term clonal culture, which is not feasible using primary human HSPCs because the in vivo engrafting potential of HPSCs is quickly lost during ex vivo culture. Clonal selection is very difficult in HESCs, mainly because HESCs do not grow effectively from single cells [6] .
Zinc finger nucleases
Zinc finger nucleases (ZFNs) were originally developed in our lab for delivering a single, targeted genomic DSB within cells [7] . The modular nature of Fok I endonuclease suggested that it might be feasible to engineer chimeric nucleases by fusing other DNAbinding proteins to the Fok I cleavage domain [8] . Several novel fusion nucleases were generated by linking the non-specific Fok I cleavage domain to other DNA-binding proteins [7, 9, 10] . The most extensively studied group of chimeric nucleases is based on the zinc finger proteins (ZFPs), because individual zinc finger (ZF) motifs within ZFPs can be designed to bind a large range of DNA sites. Cys 2 His 2 ZFPs bind DNA by inserting an a-helix into the major groove of the double helix [11] . Each ZF motif primarily binds to a triplet within the DNA substrate. Key amino acids, at positions -1, 2, 3, and 6 relative to the start of the a-helix, contribute most of the specific interactions by the ZF motifs [11 -13] . These amino acids can be changed, while maintaining the remaining amino acids as a consensus backbone, to generate ZFPs with different sequence specificities [14, 15] . Furthermore, the ZFP strategy has the additional advantage that greater specificity can be achieved by adding more ZF motifs to the ZFPs [16 -18] . Thus, ZF DNA-binding motifs, because of their modular structure and function, offer an attractive framework for designing ZFNs with custom sequence specificities [18, 19] . Several 3-finger ZFPs, each recognizing a 9 base pair (bp) sequence, have been fused to the non-specific endonuclease domain of Fok I to form ZFNs [9, 20] . The binding specificity of a ZFP correlates directly with the cleavage specificity of the corresponding ZFN [21] . It has been shown that Fok I restriction endonuclease must dimerize via the nuclease domain in order to cleave and induce a DSB [22, 23] . Similarly, ZFNs also require dimerization of the nuclease domain in order to cut DNA [24, 25] . Dimerization of the ZFN, and hence double-strand cleavage, is facilitated by two adjacent, oppositely oriented binding sites [25] . Since a pair of 3-finger ZFNs requires two copies of the 9-bp recognition sites in a tail-to-tail orientation with an optimal spacer sequence in order to dimerize and produce a DSB, they effectively have an 18-bp recognition site, which is long enough to specify a unique genomic address in mammals. In principle, the binding sites need not be identical, provided the ZFNs that bind both sites are present (Fig. 2) . We have shown that two 3-finger ZFNs with different sequence specificities collaborate to produce a DSB when their binding sites are appropriately placed and oriented with respect to each other [25] . Urnov et al. have shown that the specificity could be further increased by using a pair of 4-finger ZFNs that recognize a 24-bp sequence, with a decrease in cytotoxicity at the same time [4] .
ZFP design and selection strategies
The creation of highly specific ZFNs that recognize and cleave any target sequence depends on the reliable design and/or selection of ZFPs that can recognize and bind that chosen target with high affinity and specificity. The design and various selection approaches, including the phage display method, are discussed in detail elsewhere [20, 26 -30] and are not the subject of this review. The ZF motif designs that specifically recognize each and every one of the possible 64 DNA triplets are not yet available. A Figure 2 . Designer molecular scissors for genome surgery. A schematic representation of a pair of 4-finger ZFNs (zinc finger nucleases) bound to their cognate sites in the IL2Rg gene [4] . Since a pair of ZFNs requires two copies of the 12-bp recognition sites in a tail-to-tail orientation, they effectively have a 24-bp recognition site, which is long enough to specify a unique genomic address in human cells. Since the ZFN-binding sites in the IL2Rg gene are not identical, both ZFNs that bind these sites need to be introduced into the cell to induce a targeted genomic DSB. The ZFN sites in the IL2Rg gene are separated by 5 bp [4] . [37] . Both DNA binding affinity and specificity are important determinants for cellular function [37] . Ideally, all ZF motifs in the engineered ZFP need to be optimized concurrently since co-operative and neighboring context-dependent contacts can affect DNA recognition. The simultaneous selection of key contacts in even a 3-finger ZFP requires screening a large number of mutant library members. The strategy of using domain shuffling and cell-based selection appears to provide a general approach for optimizing multi-finger ZFPs.
More recently, we have reported on two bacterial onehybrid systems for interrogating and/or selecting ZFP-DNA interactions [36] . Our systems utilize two plasmids: a ZF plasmid containing the gene for the ZFP fused to a fragment of the a subunit of RNA polymerase and a reporter plasmid where the ZFPbinding site is located upstream of a reporter geneeither the gene encoding the green fluorescent protein (GFP) or chloramphenicol acetyltransferase (CAT). Upon binding of the ZFP to the target binding site, a 10-fold increase in chloramphenicol resistance was observed with the CAT reporter system, and an 8-to 22-fold increase in total cell fluorescence with the GFP reporter system. The CAT reporter allows for sequence-specific ZFPs to be isolated in a single selection step, whereas the GFP reporter enables quantitative evaluation of libraries using flow cytometry and allows for both negative and positive selection. Both systems have been used to select for ZFPs that have affinity for the site 5'-GGGGCAGAA-3' from a library of approximately 2 10 5 variants. The systems have been engineered to report on ZFP-DNA binding with dissociation constants less than about 1 mM in order to be most applicable for evaluating binding specificity in an in vivo setting [36] .
ZFN-mediated gene targeting: the approach
ZFN-mediated gene targeting methodology entails the following steps:
-Identify ZFN target sites near the targeted locus within the Gene X of interest [20, 39, 40] . -Design and/or select ZFPs that recognize the chosen ZFN target sites [20, 26, 39, 40] . -Convert the designed and/or selected ZFPs into ZFNs [20, 39, 40] . -Deliver ZFNs alone to induce a targeted DSB in Gene X of normal cells and stimulate NHEJ to generate a pool of mutants (mGene X), some of which will be frame-shift mutations resulting in functional deletion of Gene X, i.e. knock-outs of Gene X (Fig. 3) . Alternatively, deliver ZFNs and the mutant Gene X donor fragment into normal cells to induce a targeted DSB and stimulate HR to generate a specific Gene X mutant, i.e. knockouts or knock-ins of Gene X as the case may be ( Fig. 3 ). To achieve gene editing (or gene correction), deliver ZFNs and the correcting donor Gene X fragment into mutant cells (Fig. 3 ). -Monitor for gene correction (or mutagenesis) at the targeted gene loci as per the investigatorprovided donor Gene X template [4] . -It is also critical to show that the donor DNA fragment has not integrated elsewhere within the genome of the cell by using Southern [4] .
ZFN-mediated gene targeting of plant and mammalian genomes
Reports from several labs including ours have shown that designed 3-finger ZFNs find and cleave their chromosomal targets in frog oocytes [41] , Drosophila [42, 43] , plant cells [44, 45] , Caenorhabditis elegans [46] and human cells [4, 47, 48] ; and as expected, they induce local HR at the site of cleavage to repair the DSB. In the absence of HR (for example, if both alleles of a gene are damaged), cells repair the DSB by simple ligation with the addition or deletion of some sequence (via NHEJ); as a result, repair by NHEJ is mutagenic. NHEJ-mediated repair occurs for DSBs induced by ZFNs in Drosophila [42, 43] and Arabidopsis [44] . Thus, to induce targeted gene modifications in a variety of organisms and cells, ZFNs can be used with or without a homologous template DNA sequence (involving HR and NHEJ, respectively). In a recent seminal Nature article, Urnov et al. [4] used designed 4-finger ZFNs in human cells to target an endogenous target site within the IL2Rg gene [which causes the human X-linked disease severe combined immune deficiency (SCID)]. They achieved highly efficient permanent modification of the IL2Rg gene in the K562 cell line -a remarkable gene-modification efficiency of 18 % of K562 cells had the desired gene replacement without additional cell selection, and 1/3 of these were altered on both X chromosomes. They obtained similar results using primary human T lymphocytes. Thus, designer ZFNs have become powerful molecular tools to deliver a targeted genomic DSB to cells and stimulate local HR, with an exogenously provided DNA template [4, 42, 45, 47 -50] . The high targeting efficiency attests to the power of the ZFN-evoked HR for site-specific engineering of the human genome and raises the possibility of developing ZFN-based strategies (1) 
Xenopus laevis
The first successful ZFN-mediated gene-targeting experiment was done in Xenopus using an extrachromosomal plasmid substrate, which was designed to undergo an intramolecular HR event upon ZFNinduced DSB [41] . The ZFN (QQR) was composed of three ZF motifs connected by a flexible linker to the Fok I cleavage domain. The QQR-binding sites for the ZFN with various spacer lengths and in different orientations were cloned into a circular plasmid substrate containing a unique Pvu II restriction site. The target DNA was initially injected directly into the nuclei of the oocytes to assemble into chromatin, and 6 h later the ZFN (QQR) was microinjected into the nuclei. When the plasmid DNA was recovered and analyzed by Southern, the results indicated that, as expected, ZFN cleavage had occurred, followed by an intramolecular recombination of the plasmid substrate. Thus, ZFN binds and cleaves its target site in the extrachromosomal plasmid, inducing local HR in cells [41] . Many factors for a successful ZFN cleavage were explored in this study, including the spacer length between the two DNA-binding sites, the orientation of the ZFN-binding sites with respect to each other and the linker length connecting the ZFPs to the Fok I cleavage domain [41] . A pair of tail-to-tail inverted binding site repeats provided the most effective substrate for cleavage by ZFNs and efficient HR. Single copy of the binding site and head-to-head inverted repeats were completely ineffective. The optimal spacer length was determined to be 6-bp between the inverted binding sites for ZFNs without a linker when the cleavage was very specific and highly efficient [41] . Under optimal conditions, greater than 95 % of the plasmid substrate that were cleaved, and underwent intramolecular recombination [41] . Thus, this proof-of-principle study firmly established ZFNmediated gene targeting as a viable option for site specific and permanent modification of genomes of plant and mammalian cells at an endogenous chromosomal locus for subsequent studies.
Drosophila melanogaster
Bibikova et al. extended the study to a Drosophila model system and demonstrated that ZFN-mediated gene targeting is very effective in creating a targeted chromosomal DSB, which leads to mutagenesis via NHEJ in the absence of a donor DNA. In a subsequent study, they showed an increased frequency of ZFN-mediated gene targeting at a chosen chromosomal locus in the presence of a donor DNA [42, 43, 49] . Altogether, three genes in Drosophila, namely, yellow gene, rosy gene and brown gene, have been targeted; all were chosen for the ease of scoring the mutant phenotypes. In the targeted mutagenesis experiment with the yellow gene, a pair of 3-finger ZFNs was used to target the y gene on the X chromosome. The binding site contained a 6-bp spacer, and the two newly engineered ZFNs were cloned separately under the control of a heat-shock promoter. About half of the male progeny showed obvious y patches, indicating somatic mutations in the y gene. Germline mutations were recovered from 5.7 % of males, but none from the females tested. This was as anticipated, because in females, the DSB could be repaired by HR using the uncut homolog, thereby significantly lowering the efficiency of ZFN-mediated gene targeting; and thus the second y+ gene would mask the recessive mutation. In males, only NHEJ is available to repair damage. Mutants represented 0.4 % of offspring. They also found that expression of one of the ZFNs was lethal when induced at 37 8C. This toxicity was reduced by lowering the heat-shock temperature [43] . In addition, when a linear, extrachromosomal mutant donor DNA was provided, ZFNstimulated homologous recombination was observed, and recovery of germline mutations was done in both males and females. 18 % of males and 13.5 % of females gave at least one mutant offspring. More than 2 % of offspring from males were mutant, and 63 % of them were products of HR, and about 0.5 % of offspring from females. No mutant progeny from females were observed without the donor [43] . Subsequently, two more genes were targeted in Drosophila: ry and bw; both function in the pathway leading to red eye pigment. Mutants would result in brown eyes. For targeted mutagenesis at bw, no mutants were recovered from female parents, and 2.4 % of males gave mutants, roughly 0.1 % of offspring. The mutant yield at ry was much higher: at optimal heat-shock temperature, 89 % of females and 67 % of males produced mutants, representing 14 % and 6.8 % of total offspring, respectively. Gene targeting with an extrachromosomal linear mutant donor was also done at ry. More than 90 % of induced parents gave at least one mutant offspring [49] . Thus, these studies showed that ZFN-induced HR frequency was dramatically higher than that without the targeted cleavage using ZFNs, and the presence of a linear donor elevated the yield of targeted HR products even higher. However, lethality due to excessive cleavage was also observed when some of the designed ZFNs were overexpressed, demonstrating that the specificity of 3-finger ZFNs needs to be increased and their expression needs to be regulated. In the case of a heat-shock promoter, the toxicity of 3-finger ZFNs could be reduced by lowering the heat shock temperature [42, 43, 49] .
Caenorhabditis elegans
No efficient gene targeting procedure was available for C. elegans until recently, when gene targeting using 3-finger ZFNs was shown to be very effective [46] . Both a synthetic extrachromosomal sequence as well as an endogenous genomic site on the X chromosome were successfully targeted using corresponding pairs of engineered 3-finger ZFNs [46] . In the former experiment, a previously characterized ZFN (QQR) was cloned in an expression plasmid, under the control of a heat-shock promoter. The extrachromosomal target contained two inverted QQR-binding sites separated by a unique Mlu I restriction site. The QQR expression plasmid and the target plasmid were co-injected to generate extrachromosomal array, typically consisting of tens to hundreds of copies of injected plasmids, and the larvae were heat-shocked to induce ZFN (QQR) expression. When the PCRamplified DNA surrounding the QQR target site was analyzed by digesting with Mlu I restriction enzyme, the result indicated that 26 % of targets examined contained QQR-induced mutations [46] . In the latter experiment an endogenous chromosomal locus was targeted, to demonstrate that a pair of newly designed ZFNs cleave the chromosomal target site and NHEJ ensues in the absence of donor DNA, introducing mutations [46] . The latter experiment was also repeated using a lig-4 (ok716) strain, a C. elegans mutant lacking DNA ligase IV, to show that DNA ligase IV was required for efficient end joining. Thus, this study confirmed ZFN-mediated gene targeting to be a powerful and versatile tool for targeted genome modification of many different organisms including those, which are not amenable to gene targeting by existing technologies and methods [46] . It must be pointed out that no ZFN expression has yet been achieved in the germline.
Plants
Efficient and commonly usable methods for targeted modification of genomes are not available for plants.
In 2005, however, ZFN-mediated gene targeting was successfully applied for targeted genome modification of plants. In this study the target site, QEQ, for a previously reported 3-finger ZFN (QQR) was first introduced into the genome of Arabidopsis thaliana [44] . The QEQ sequence is a synthetic 24-bp oligonucleotide that contains two inverted binding sites for QQR separated by a unique EcoR I restriction site. A construct containing ZFN (QQR) driven by the heatshock promoter was then introduced into A. thaliana [44] cells containing the target QEQ site. After transformation, seven single-locus cell lines were identified. The seedlings from these lines were heatshocked, and DNA was isolated from the seedlings. The PCR-amplified DNA surrounding the inserted QEQ site was analyzed by EcoR I digestion with the expectation that the EcoR I site would be lost if mutations are generated at the QEQ locus. Undigested PCR-amplified fragments were found in heatshocked seedlings, but were absent in control seedlings, which were not heat-shocked. The results showed that, as expected, induction of ZFN expression resulted in mutations at the chromosomal target QEQ locus at frequencies as high as 0.4 mutations per cell, which was much higher than the typical rate of less than 10 -7 gene-targeting events per cell without ZFNs. More recently, ZFN-mediated gene targeting was successfully applied to tobacco plants to increase the frequency of localized HR [45] . In this system, HR frequency was measured by restoring function to a defective GUS:NPTII reporter gene integrated at various chromosomal sites in 10 different transgenic tobacco lines. Normal GUS:NPTII gene was a fusion of b-glucuronidase (GUS) and neomycin phosphotransferase (NPTII). Cells expressing this fusion are resistant to kanamycin (Kan) and turn blue when incubated in appropriate substrates. The target GUS:NPTII gene was first made non-functional by a 600-bp deletion with concomitant insertion of a 3-finger ZFN target site at the site of deletion. The donor was about 5 kb containing the GUS:NPTII gene, including the 600 bp missing from the target gene. The target gene was introduced into the tobacco chromosome. Protoplasts were prepared from 10 plants which had incorporated the target gene at various locations. When these cells were exposed to both donor and ZFN DNA, more than 1 HR event for every 10 illegitimate recombination events was observed, which was a 10 4 -10
5
-fold improvement from the typical rate of 10 5 -10 6 illegitimate events per HR event [45] . And 1 in 5 characterized gene targeting events was free of mutations, indicating the fidelity of gene targeting was about 20 % [45] .
Human cells
A gene-targeting GFP reporter system designed to study the efficiency and efficacy of gene targeting by ZFNs in human cells was reported by three different labs, first by Porteus and Baltimore [48] and followed later by Urnov et al. [4] and Alwin et al. [47] . A similar system was used previously to study homologydirected repair of DNA damage [54] . In the Porteus and Baltimore study, a non-functional eGFP gene was integrated in the genome of HEK 293 cells. When a wild-type eGFP donor fragment alone was introduced into these cells, 1 -2 cells of 500,000 treated cells were corrected for GFP. However, when an expression construct encoding ZFNs targeting the mutant GFP locus was introduced along with the donor, 2.2 % of asynchronously growing cells and 10.2 % of cells arrested for 30 h at the G2/M cell cycle boundary, respectively, had their eGFP function restored [48] . Once the potential of ZFNs for gene correction was established using the GFP reporter system, engineered ZFNs were designed to target the human IL2Rg gene, mutations in which cause X-linked SCID (severe combined immunodeficiency). Unlike earlier reports, Urnov et al. [4] used optimized 4-finger ZFNs to modify the sequence at the IL2Rg gene locus in the K562 cell line and in primary CD4+ T lymphocytes. The exogenous donor template plasmid used in their study contained a fragment of the IL2Rg gene with a silent point mutation that creates a novel restriction enzyme recognition site in the exon 5 sequence. ZFNinduced HR introduced this restriction site into the Cell. Mol. Life Sci.
Vol. 64, 2007 Review Article 2939 cognate chromosomal location. Four days after nucleofection of K562 cells with donor template plasmid plus ZFN plasmids, the HR frequency was 18 %. The donor template-specified restriction site was confirmed by sequencing the IL2Rg gene locus in the gene-modified cells. Southern blotting failed to detect ZFN-induced donor plasmid misintegration or any aberrant rearrangements of the IL2Rg locus in cell samples harvested after 4 days or 1 month of cell expansion. Notably, HR frequency of cells harvested at 4 days after transfection was the same as that of cells harvested 1 month after transfection, in contrast to published studies using 3-finger ZFNs, which showed a decline [48] . This is promising because it suggested that the 4-finger ZFNs may be less toxic to cells than the 3-finger ZFNs; however, a direct comparison of the efficiency of gene targeting versus cytotoxicity for overlapping pairs of 3-and 4-finger ZFNs is yet to be done. Furthermore, by doing limiting dilution, single clones were isolated and genotyped. The results indicated that 13.2 % of the clones had a single allele mutated, and 6.6 % achieved biallelic gene modification [4] . Using the same protocol for IL2Rg targeting by ZFNs in human CD4+ T lymphocytes, they observed an HR frequency of 5 %. This was comparable to the HR frequency in K562 cells when adjusted for the lower transfection efficiency in T lymphocytes (30 %). Thus, the Urnov et al. [4] study demonstrates that designed ZFNs can evoke HR to generate permanent and precise genome modification at the IL2Rg gene locus in~20 % of treated cells, without selection. Several labs, including ours, are currently working towards efficient ZFN-evoked targeted disruption of the CCR5 gene locus in human cells. HIV-1 entry into cells involves specific interactions between the viral envelope glycoprotein and two target cellular proteins, namely CD4 and either of the two chemokine receptors. Macrophage (M)-tropic viruses require the chemokine receptor CCR5 for entry. Several studies suggest that CCR5-expressing cells are the critical first targets for HIV-1 infection and that the CCR5 expression levels in patients correlate strongly with disease progression. Importantly, individuals with a homozygous 32-bp deletion (D32) in their CCR5 gene lack functional CCR5 expression; these individuals, who are otherwise healthy, are highly protected against HIV-1 infection. Individuals who are heterozygous for CCR5D32 have reduced levels of CCR5, and their disease progression to AIDS is delayed by 1 -2 years [55] . Thus, the CCR5D32 mutation appears to function as a harmless polymorphism which is protective against HIV infection and progression. Our translational goal is to induce directed mutagenesis at the endogenous chromosomal sites of the CCR5 gene in human cells that are valuable for laboratory investigations and also potentially transplantableprimary human CD34+ HSPCs and HESCs. A major aim of this study is to provide proof of principle for use of ZFNs to modify genes in human stem cells that can be used for functional studies in the laboratory, e.g. to make possible in primary human CD34+ HSPCs and HESCs the kinds of studies that are already done using MESCs. The ultimate future goal of this study is to apply ZFN targeting of CCR5 clinically to individuals who are already HIV infected or at very high risk for HIV infection. Furthermore, the chromosomal CCR5 locus could possibly be an ideal safe harbor site within the human genome for targeted insertion of other therapeutic transgenes for ectopic expression in human cells, in future studies. Like us, other labs are also pursuing research along similar lines to achieve ZFN-mediated functional deletion of the CCR5 gene in human cells.
More recently, Moehle et al. [51] showed efficient incorporation of novel DNA sequences into a specified location in the genome of living human cells using designed ZFNs. A precisely placed DSB induced by designed 4-finger ZFNs stimulated integration of long DNA stretches at a predetermined genomic locus, resulting in site-specific high-efficiency gene addition. The authors showed targeted integration frequencies of 15, 6 and 5 %, respectively, for the extrachromosomal donor DNA carrying a 12-bp tag, a 900-bp ORF (open reading frame) or a 1.5-kb promoter-transcription unit flanked by locus-specific homology arms after 72 h of treatment, without selection for desired recombinants. They also showed that ZFNs can drive the addition of an 8-kb sequence comprising three distinct promoter-transcription units into an endogenous locus at a frequency of 6 %, without selection. Thus, the recent published reports from several labs have firmly established ZFN-mediated gene targeting as a powerful research tool for site-specific and precise modification not only of plant and mammalian genomes (including the human genome) but also of many other organisms. Furthermore, the literature reports on the high efficiency of ZFN-mediated gene targeting in human cells are especially exciting and encouraging because of their promise and great potential considering the ultimate goal of applying ZFN-based strategies for human therapeutics, that is, to use ZFN-mediated gene targeting as a form of gene therapy to treat monogenic human diseases.
Designer ZFNs: What is next?
Published research reports suggest that the ZFNevoked HR process may be universal and that it works well in many cell types and organisms. Despite the potential benefits and promise of the ZFN technology, three technical issues prevent it from becoming a routine tool for widespread use in biological and biomedical applications: (i) Existing strategies for designing and/or selecting ZFPs with high affinity and exquisite sequence specificity for the desired target sites are quite laborious and cumbersome [15, 29, 37, 38, 56, 57] . New methods are being developed to streamline the design and/or selection of ZFPs with high affinity and specificity.
(ii) Even though 3-finger ZFN designs based on our original construct have been successfully used to target cleavage of specific sites in cells, sustained ectopic expression of 3-finger ZFNs appears to be toxic to cells, most likely due to binding at secondary sites, which leads to non-targeted cleavage [48] . It is plausible to posit that the higher the specificity of the designer ZFNs, the lower should be their cellular toxicity. Therefore, we hypothesize that highly specific ZFNs will greatly improve and increase the efficiency of ZFN-driven targeted gene correction or targeted mutagenesis. This could be achieved by refining and optimizing the specificity and affinity of individual ZF motifs within the initially designed ZFPs [4] . An alternate approach to address the issue of cytotoxicity caused by non-targeted cleavage by 3-finger ZFNs would be to increase the number of ZF binding motifs within the ZFNs from 3 to 4 fingers, thereby increasing the binding specificity from a 9-bp to a 12-bp sequence, which will lead to highly specific ZFNs. The Nature publication by Urnov et al. on their SCID study appears to indicate this to be the case [4] . However, no direct comparison of the efficiency of gene targeting using 3-finger versus 4-finger ZFNs has yet been reported. Thus, it is critical to design and/or select ZFP proteins that bind their targets with high affinity and sequence specificity. The ZFPs in turn are needed to create highly specific ZFNs. This critical step is also the slow step of the ZFN-mediated gene targeting approach. (iii) Sustained expression of ZFNs in cells likely also contributes to cellular toxicity. Methods to regulate or control the expression of ZFNs in cells using inducible promoters (e.g. heat-shock promoters, drug-inducible promoters etc.) would likely circumvent this problem [42, 43] .
Targeted engineering of the human genome in stem cells for therapeutics 
